We report electromechanical effects in a swollen polydomain liquid crystalline elastomer (POLY-LCE). Owing to the director reorientation, we could directly observe its deformation in the unconstrained elastomer gel state. Using optical image analysis, the deformation amplitude, threshold voltage, and temporal characteristics of the POLY-LCE were quantitatively measured with varying voltage and temperature. From the experimental results we discuss the deformation mechanism and property of the POLY-LCE.
Recently, liquid crystalline elastomers (LCEs) have received considerable attention due to their anisotropic mechanical, electrical, and optical properties. [1] [2] [3] [4] [5] [6] [7] [8] [9] LCEs are unusual and complex materials that couple the elastic property with the anisotropy of the director orientation. In general, they consist of cross-linked networks of polymers with side-chain mesogens. 6, 7) Owing to this structure any external stimulus such as temperature, radiation or electric/ magnetic fields on the polymer network gives rise to change in orientation order, and this resulting change induces shape and/or dimension deformation of LCEs. [5] [6] [7] [8] [9] [10] In particular, nematic LCE films exhibit strong uniaxial deformations due to their anisotropic properties. For example, nematic LCEs elongate with macroscopic length scale through their isotropic-nematic phase transition induced by decreasing temperature, and they also shrink in the reverse process. 6, 8) Due to the anisotropy of LCEs, the network elongates in the direction of the optical (or director) axis of the nematic below the nematic-isotropic transition temperature T NI , while it behaves similarly to a conventional rubber above T NI . Such a thermomechanical effect has much potential for useful applications such as microactuators, artificial muscles and switching devices. 6, 11) In the early studies of LCEs, researchers focused on physical properties through the phase transition between the nematic and isotropic states. Recently, several reports have indicated that LCEs and nematic gels respond optically and mechanically to an applied electric field. 4, 5, 12, 13) In this letter, we investigate electromechanical effects for a swollen LCE (i.e., a type of gel) in a low molecular weight nematic liquid crystal (LMWLC) solvent. In the present case, electromechanical deformation can be induced with a relatively small field ($0:5 V/100 mm) compared with that of directly driving dry LCEs (order of $1 V/mm). Since pure nematics couple strongly to electric fields, the director tends to align parallel to the field in the case of positive dielectric anisotropy Á" (e.g., Á" $ 9:8 for the present nematic, 5CB). The network of LCEs counteracts for this reorientation, and the resulting anisotropic coupling between the gel networks and the anisotropic solvent (LMWLC) gives rise to mechanical deformation. As LCEs exhibit a significant shape change through the nematic-isotropic phase transition, the swollen LCE also shows a uniaxial shape deformation by applying and removing the electric field E. 10, 13, 14) In order to understand the swollen LCE, we in principle consider its free energy density
which includes an additional coupling term f c ðn 1 ; n 2 ; E; Þ between the gel networks and the director of the nematic solvent. 3, 16, 17) Here, n 1 and n 2 are the director of the LMWLC and the LCE, respectively, and indicates the coupling effect depending on the stress-strain relation. The first and second terms are the well-known Frank elastic energy and the conventional dielectric term, respectively. In addition to the first two terms the final coupling term should be considered for the present swollen LCE. 6, [13] [14] [15] In this report our aim is to clarify and discuss the deformation dynamics of the swollen LCE in the LMWLC, which are important to develop useful applications of LCEs.
We have used an LCE chemically synthesized by the polymer analog reaction of poly-methylhydrogensiloxane, a monomeric mosogen 4-butenoxy-4-methyloxynebzonic acid phenylester (
for details of the sample.) In the present study we used a polydomain (POLY) LCE consisting of a lot of domains with different side-chain orientations. In a sandwich-type cell whose surfaces were coated with transparent electrodes (indium-tin oxide) and treated for homeotropic alignment, the LCE was fully swollen in a LMWLC, 4-n-pnetyl-4 0 -cyanobiphenyl (5CB), as shown in Fig. 1(a) . The dimensions of the swollen POLY-LCE were
The cell gap d between both electrodes was 200 mm and its lateral (active) size was 1 Â 1 cm 2 . The temperature of the cell was stabilized with an accuracy of AE0:2 C in a hot stage, which was controlled by an electric control system (TH-99, Japan Hightech). An alternating electric field E ¼ E 0 cosð2ftÞ [E ¼ ð0; 0; AEE Z Þ] was applied across the cell, which was generated by function synthesis (NF-1915) and amplified using an amp (F20A, ToyoTech). The electromechanical behavior was directly observed in the xy plane parallel to the electrodes using a charge-coupled device (SONY XC-75) mounted on a polarizer microscope (ML9300, Meijitech). The applied voltage and the displacement of deformation were measured with an electric multimeter (Keithley-2000) and an optical micrometer (Nikon), respectively. For the investigation of the oscillating POLY-LCE, a digital oscilloscope (DS-8812, IWATSU) was used to monitor the electric field oscillating at low frequencies. In order to capture the temporal variation of the mechanical deformation on a computer, we used image software (Scion Image) and an image-capture board PCI-VE5 (Scion Corporation Company).
First, with an ac voltage V applied across the cell, we measured the displacement L [see Figs. 1(b) and 1(c)] of deformation for the POLY-LCE at a fixed frequency f ¼ 100 Hz and a temperature T ¼ 30 C. 18) The maximum displacement of deformation in the x direction was approximately 8%. According to the observation position of the POLY-LCE, the amplitude of the displacement was somewhat different, which might have originated from inhomogeneity of the POLY-LCE. 
for V < V sat . Here, denotes a certain characteristic length that should be determined by the properties of the POLY-LCE and LMWLC ( $ 6:7 mm for V th $ 2:7 V). In Fig. 2(a) , the dotted line corresponds to the fitting determined using eq. (2). Moreover, when increasing T, we found that V th increases linearly as shown in Fig. 2(b) . In the temperature region T m < T < T NI (T m is the melting point, T m $ 20 C), the T dependence of V th satisfies
In the present result, a $ 0:088 V/ C and V th ðT m Þ $ 2:06 V are determined by linear extrapolation.
Next, in the shrinkage (field switched-on) and recovery (field switched-off) processes shown in Fig. 1(c) , the normalized displacement L nor ðtÞ was measured with changing T at a fixed V ¼ 6 V and f ¼ 100 Hz. In the shrinkage process, L nor ðtÞ decreases rapidly with increasing T, as can be seen in Fig. 3(a) . On the other hand, the recovery process shows a very slight change with respect to T in Fig. 3(b) . The recovery process was detectable at lower voltages [see Fig. 4(b) below] . Moreover, in order to understand the dynamics quantitatively, we calculated the characteristic times ON and OFF for the deformation of the POLY-LCE in both processes. Here, ON and OFF are defined as respectively. At various temperatures the characteristic time ON ðVÞ is proportional to 1=V 2 , whereas OFF ðVÞ is proportional to 1=V (V < 10 V), as shown in Figs. 4(a) and 4(b) . In the recovery process (field switched-off) from the switchedon state of sufficiently large field application (V > 10 V), the constant characteristic time OFF ($ 2:5 s) holds. Namely, OFF ðV ¼ 1Þ is finite, and ON ðV ¼ 1Þ must be zero. The slope [ ON and OFF in eqs. (6) and (7)] indicates that the response rate to V changes monotonically with increasing T.
Finally, in addition to the V dependences of the characteristic times, their T dependences are shown in Fig. 5 . Both characteristic times ON ðTÞ and OFF ðTÞ behave similarly, and decrease linearly with increasing T (T m < T < T NI ). That is, the electromechanical response tends to be faster with increasing T. The V and T dependences of the characteristic times are described as
Here, all coefficients are basically given by combinations of the material constants and the coupling effect for POLYLCEs in eq.
(1) via their temperature dependence. In our results, these values are experimentally determined as ON $ 0:028 s/ C, OFF $ 0:058 s/ C, ON ð1Þ $ 0, OFF ð1Þ $ 2:5 s, ON ðT m Þ $ 0:7 s and OFF ðT m Þ $ 3:3 s by linear extrapolation. Also ON and OFF can be determined at a given temperature (e.g., ON $ 35:36 sV 2 and OFF $ 6:02 sV at 30 C). Furthermore, due to this dynamic behavior, note that by the application of sufficiently low frequency electric fields, the forced oscillation of the displacement of the swollen LCE can be easily controlled, which may suggest a potential application as an artificial muscle. In summary, in the present POLY-LCE the amplitude of deformation shows a strong V dependence. Supposing there is a splay-bending mechanism for each subdomain in the POLY-LCE, the displacement LðVÞ can be qualitatively understood. When applying V, the reorientation of the LMWLC (like Fredericks transition) in subdomains couples with the network of the LCE via its side-chain mesogen and then causes deformation. As the tilting angle of the director depends on V for the splay-bend Fredericks transition as $ V 1=2 beyond a finite threshold voltage V th , 16, 17) the displacement L may behave similarly as L $ V 1=2 . The T dependence of the threshold voltage V th is significant in the POLY-LCE. V th shows a linear increase with respect to T [T m < T < T NI for the LMWLC (5CB)]. This is due to rubber elasticity such as the T-dependent shrinkage of the LCE and due to the coupling of order parameters between the LMWLC and the LCE, that is, the competition between the increase in the effective elasticity of the LCE and the decrease in elasticity (as well as the order parameter) of LMWLC. 10, 15) We have found that the response time ON depends on 1=V 2 whereas the relaxation time OFF depends on 1=V (V < 10 V) in the range T m < T < T NI . In the case of the reorientation of the director in pure LMWLCs, ON shows a dependence similar to that of the present POLY-LCE case, but OFF is always independent of V. 16, 17) In order to understand this difference, the coupling effect must be considered in POLY-LCEs. Unfortunately, this has not been understood yet from conventional theory. On the other hand, the T dependences of ON and OFF have been found in the range T m < T < T NI . Both show a roughly linear decrease with increasing T. The present characteristic time with respect to the electric field is below 7 s (for T m < T < T NI ), which is much shorter than the results in ref. 4 that were obtained for dry LCEs in constrained cells. As discussed above, in principle, this time scale seems to be strongly dependent on the condensation rate of cross-linked networks (i.e., the concentration of cross-linking materials).
